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(1) Introduction to backplane and clock signal
      distribution systems

(2) Limitations of electrical interconnection

(3) Optical realization of backplane and clock signal
      distribution systems

(4) System characterization
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Bi-directional backplane system:

Clock signal distribution system:
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What's wrong with electrical interconnection?

Increase in computing power

=> increase in bandwidth to keep signal integrity
<=> shrink in clock cycle time and pulse widths

Limitations of electrical interconnection:
capacitive loading
crosstalk
reflection

skew
switching noise

power dissipation

=> Bandwidth of electrical backplane is limited
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Limitations of electrical interconnection
Examples

Processor speed as high as 500 MHz

But board-to-board data rate ~ 100 Mb/s

PCI bus: maximum clock rate 66 MHz

VMEbus and Futurebus data rate < 100 Mb/s

=> Optical interconnection necessary
in high speed (> 200 MHz), long distance (> 1 cm)
communications



The  Univ e rs ity  o f Te xas  Op tic al Inte rc o nne c ts  Gro up

Advantages of optical interconnection

Transmission media (waveguide or free-space)

more bandwidth without

transmission line effects
capacitive loading
complicated termination

High speed optoelectronic devices

transmitter :  fast modulation with small current

receiver  : high sensitivity with large dynamic range
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Optical interconnection in VLSI systems
Various schemes

Fiber optics:

suitable for long distance communication
(e.g., machine-to-machine)

flexibility in geometry of detector positions

bulky; point-to-point connection

Waveguide optics:

suitable for chip-to-chip interconnection

45   waveguide mirror not compatible with
VLSI technology

o

Free-space optics:
massive fan-out; large degree of freedom;
lower propagation delay

control of beam steering
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Multiplexed holographic
gratings

Substrate guided mode

Bi-directional optical
backplane bus array

Multi-processor/memory
board

Optical realization of bi-directional
backplane system
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Backplane bus

Input laser beam  (clock signal)

M ulti-chip-m odule (M CM ) 2-D  holographic grating array

Surface-norm al output beam

Integrated circuit chip

3-D planarized optoelectronic
clock signal distribution device

Surface-normal
coupling
hologram

Optical realization of clock signal
distribution system
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Fabrication of holographic gratin g
elements

Argon laser

Reflection mirror

Beam splitter

Objective lens

Spatial filter

Collimation lens

Dark glass holder

Photopolymer film(on glass substrate)Mask
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Bi-directional optical backplane bus
with single bus line

1 2 3 4 5 6 7 8 9

H ig h -sp eed  tran sceiv er

W av eg u id e h o lo g ram  fo r b i-d irectio n al co u p lin g

P ro cesso r/m em o ry  m o d u le
W av eg u id in g  p late

Ba c kp la n e  c o n f ig u ra t io n



X

X

X

X

X

X

X

X

X

Ch a n n e l:
1

2

3

4

5

6

7

8

9

1 2 3 4 5 6 7 8 9In p u t :

Bi-directional optical backplane
with a single bus line

Ch a n n e l c o m m u n ic a t io n

The University of Texas at Austin
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Bi-directional optical backplane bus
with single bus line

In p u t : 1

2

3

4

5

Exp e r im e n t  d e m o n s t ra t io n

Ch a n n e l: 1 2 3 4 5 6 7 8 9
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Bi-directional optical backplane
Bandwidth measurement setup

Auto-
correlator

ODL data acquisition system

.

.

.

Optical backplane bus

U l t r a f a s t
m i r r o r
( UFM)

UFM

A rg o n  la s e r

1st channel

9th channel
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A u t o - c o r r e l a t i o n  s i g n a l  ( a . u . )
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Fan-out intensity optimization of
the optical backplane

1 2 3 NN - 1
N - 2

P
ij

P
ij
'
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N �2 � N �1 � N

�
N �2
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�
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2
�

3

1st set

2nd set

Diffraction
efficiencies:

Output power:

Goal: to minimize output intensity fluctuation
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Fan-out intensity optimization

Assumptions :

(1) Neglect reflections and absorptions

(2) To prevent power leakage, �1 � 1 �N � 0and

Transmission function :

energy of substrate guided beam transmitted
from one output channel to the next
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Fan-out intensity optimization

 (1) Express fan-out intensities as functions of diffraction
  efficiencies          of multiplexed holograms�i ( i � 1, . . . ,  N - 1)

(2) Establish an objective function

(3) Optimize the objective function through solving
�E
�� i

i =2, ...,N=0,

process

E1 � W1 ij

Pij

P
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�
�
� �
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         for Pij  and Pij
' � P,

E = E1 � E 2

W 1 ij
( ' ) W 2 ij

( ' )where are weight factorsand
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Fan-out intensity optimization
results (9-channel case)

W 1ij
( ' ) = exp A

Pij

P
� 1

�
�
� �

	


��
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Fan-out intensity optimization
results (9-channel case)
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Fan-out intensity optimization
results (9-channel case)
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      for Pij
(' ) � PDifferent weight factors:
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Fan-out intensity optimization
results (9-channel case)
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 Optimized fan-out distribution
Optimized diffraction effiency distribution:
�

1
, �
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 Fan-out intensity fluctuation of
an unoptimized backplane
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Bi-directional optical backplane bus with

Microlens

Laser Driver

Laser Diode
(VCSEL)

Photodiode

Amplifying and
Decision stage

Multiplexed
hologram

Line Driver

Line Receiver

TRANSMITTER MCM

RECEIVER  MCM

Waveguiding
channel

Microlens

multi-bus lines: channel design
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Ele c t ric a l
b a c k p la n e

Op t ic a l  b a c kp la ne

B a c k p la n e
c o n n e c t o r

P ro c e s s o r / m e m o ry
b o a rd s

w a v e g u id ing  c ha nne l

 Op t ic a l
 re c e iv e r MCM

Op t ic a l
t ra n s m it t e r MCM

Bi-directional optical backplane bus with
multi-bus lines: configuration
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1 4 0  µ m1 5 µ m

VCSEL array operating at 850 nm

Very low (1~3 mA or less) threshold current

Moderate optical power (a few mW or more)
Wide operating temperature range (-55 to +125 oC)

High direct modulation bandwidth (over 14 GHz)
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Bi-directional optical backplane bus

In p u t  Ch a n n e l:

1 s t

2 nd

3 r d

4 t h

5 t h

experiment demonstration
with multi-bus lines
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Clock signal distribution system
experiment demonstration



�

K ' s: Grating vectors;
�

k  and
�

k ' 's : Light wave vectors

�

k

�

k y
'

-
�

K
y

21

�

k

�

k x
'

�

k y
'

�

K
x
11

�

K
y
11

X

Y

Z

2nd:
�

k

�

k y
'

1st:
�

k
�

k x

'

�

K
x

�

K
y

12

'

1

2

3

1 2

21

Clock signal distribution system
Device Analysis
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Clock Signal distribution system
Fan-out intensity optimization (I)

Assume               fan-outsM � N

Define:
Diffraction efficiencies:

�
i

x ( i � 1, . . . ,  M ); � ij

y ( i � 1, . .. ,  M;  j � 1 , .. . ,  N )

Transmission functions:
T i

x (i � 2 , . . . ,  M );  T ij

y ( i � 1, . .. ,  M ;  j � 2 , .. . ,  N )

Fan-out intensities: P
ij

( i � 1, . . .,  M;  j � 1, . .. ,  N )

To minimize power consumption, we should have
�

M

x = 1; �
iN

y � 1 (i � 1, . . .,  M )

(M -1 ) + ( M � N - M ) = M � N - 1� 'sSo the unknown         are
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From Bragg diffraction analysis, we have
 (assume an input intensity of 1)

T 2

x � �
1

x

T i

x

� T i - 1

x

1 � � i � 1

x� � , i � 3, . .. ,  M� �
�
�
�

T 12

y � �
11

y

T i 2

y � T i

x�
i

x�
i 1

y , i � 2 , . . .,  M� �
T ij

y � T i, j- 1

y 1 � �
i , j -1

y� � , i � 1 , . . . ,  M ;  j � 3 , . . . , N� �

�

�
�

��

P 11 � 1 � �
1

x � �
11

y

P i 1 � T
i

x�
i

x 1 � �
i 1

y� �, i � 2, .. . ,  M� �
P ij � T

ij

y�
ij

y , i � 1, . .. ,  M;  j � 2, .. . ,  N� �

�

�
�

��

Clock Signal distribution system
Fan-out intensity optimization (II)
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Define objective function:

E
1
�

P
ij

P
� 1

�
�
� �

	
�

2

j �1

N



i �1

M


     for P
ij
� P, i � 1, .. . ,  M ; j � 1, . . . ,  N� �,

E
2 �

P
P ij

� 1
�

�
�

�

	
�

2

j �1

N



i �1

M


     for P
ij

< P, i � 1 , . . . ,  M ;  j � 1, . . . , N� �

�

�
�

�
�

E � E 1
� E 2

P =
1

M � N
where is the average fan-out intensity

Optimization is car r ied out by minimizing objective function E

Clock Signal distribution system
Fan-out intensity optimization (III)
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y
x

1

2

3

4

5

6

1
2 3 4 5 6 7� i

x �
i1
y

� ij

y

0.833 0.143 0.167 0.200 0.250 0.333 0.500 1.000

0.200 0.857 0.167 0.200 0.250 0.333 0.500 1.000

0.250 0.857 0.167 0.200 0.250 0.333 0.500 1.000

0.333 0.857 0.167 0.200 0.250 0.333 0.500 1.000

0.500 0.857 0.167 0.200 0.250 0.333 0.500 1.000

1.000 0.857 0.167 0.200 0.250 0.333 0.500 1.000

For M = 6 and N =7, P= 0.0238, the optimized diffraction efficiency

distribution for uniform fan-out intensity distribution is

Clock Signal distribution system
Optimized diffraction efficiency distribution (I)
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Clock Signal distribution system
Output fluctuation without optimization
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(i=1, ..., M; j=1, ..., N)

Clock Signal distribution system
Optimized diffraction efficiency distribution (II)
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Time delay:  (deterministic) difference in clock paths

For our device with 6    7 fan-outs , waveguide
thickness of 1 mm and bouncing angle of 45

�
o

M aximum time delay=150 ps

Clock Signal distribution system
Clock skew and time jittering analyses

Clock skew :  ( non-deterministic) clock-to-clock variation of clock edges

* spatial skew:
variation in fabrication process

temporal skew:
noise from clock laser, clock device,
receiver, etc

*
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Clock Signal distribution system
Reduction of time delay
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Optical backplane and clock Signal distribution systems

Power budget considerations

APD: At 850 nm, 500 Mbit/s, BER=10 -9

dynamic range 30 dB, sensitivity = -45 dBm

Optical clock signal distribution system:

Optical backplane system:

Pout �
1� R� �Pin

M � N

=> required VCSEL power range 1.89 µW-1.89 mW

Pout � � 1� R� �Pin

=>required VCSEL power range 3.0 µW-3.0 mW
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Optical backplane and clock Signal distribution systems

Misalignment consideration(I)

�

k

k '
�

�

K-

�

� �
d

H olog raph ic  g ra tings

G lass substrate

�

K

� '
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Optical backplane and clock Signal distribution systems

Misalignment consideration(II)

Angle Increment (degree)��

0

500

1000

1500

2000

0 0.2 0.4 0.6 0.8 1

�
µ

0

2 0 0

4 0 0

6 0 0

8 0 0

0 1 2 3 4 5
�� nm� �Wavelength variation

�
L

(�
m

)
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Optical backplane and clock Signal distribution systems

Beam collimation

� �

� r

0.25 pitch GRIN lens

For 2o input angle, spatial shift out of GRIN lens 50 µm
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Study of Dupont photopolymer film
Diffraction efficiency
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Study of Dupont photopolymer film
1-to-9 equal fan-out device demonstration
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Study of Dupont photopolymer film
Thickness variation phenomenon

� �

�
�'

� '

�� d

d

d'

Refractive index: n (
�

r ) � n0 � �n(
�

r )
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Study of Dupont photopolymer film
Comparison of theoretical and experimental

-5 0 0 5 0 1 0 0 1 5 0 2 0 0 2 5 0
0

0.1

0 .2

0 .3

0 .4

0 .5

0 .6

0 .7

0 .8

0 .9

1

Inc ide nt Angle  De via tion from  S urfa ce -Norm a l (m inute )

D i f f r a c t i o n  E f f i c i e n c y

efficiency curves
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Study of Dupont photopolymer film
Variation of Bragg angle with baking time
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Study of Dupont photopolymer film
Theoretical study of thickness variation
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For 20 µm film, deviation angle of 85',
get �d � 1.05 "m or �d% � 5.25 %
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Study of Dupont photopolymer film
Compensated results
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Study of Dupont photopolymer film
Compensation for thickness variation
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Assumption :
        For two holograms fabricated under the same recording beam
intensity and recording time, and the  same condition for other
processes, the resulted relative changes in film thickness wilbe the same
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Proposed future works
Fabrication of power-budget-optimized devices

(1) Use the results from the experiment of Dupont
      photopolymer efficiency measurement

Tune the efficiencies of the holographic gratings
according to optimization results

(2) Use the compensation method to adjust the Bragg
      condition to be surface-normal
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Proposed future works
Time jittering measurement of the clock distribution device

(1) Directly modulate a VCSEL with a digital signal
      synthesizer

(2) Measure the output signals with and without the
      device

(3) By comparing the transition times for the signal
      edges crossing the threshold level, can get the
      jittering due to the device
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Proposed future works
Eye diagram measurement of the devices

(1) Modulate the VCSEL with a randomized bit
      generator with a periodic              pseudorandom
       bit sequence

(2) Measure the output signals from the detector
       with and without the devices

(3) Compare the eye patterns to check the performance
      of the devices

(231 � 1)
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Proposed future works
Crosstalk measurement of the backplane device

(1) Couple the output from a VCSEL into the device
      using lenses with different radius

(2) Measure the output signal profiles from the device
      (Central intensity and FWHM)

(3) Calculate the crosstalks by assuming a Gaussian
      distribution of the profiles
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Proposed future works

Finally, integrate the VCSEL arrays and detectors

(arrays, if we can get some)

for system demonstration


